INTRODUCTION
In adipose cells, insulin increases glucose transport by promoting the translocation of the GLUT4 glucose transporter to the plasma membrane (PM) (for reviews, see [1] [2] [3] ). Although this process is well characterized, the molecular mechanisms involved are still poorly understood. In resting adipose cells, GLUT4 resides almost exclusively in intracellular membrane vesicles, which may represent a unique specialized compartment (for reviews, see [3, 4] ). GLUT4-containing vesicles are thought to be translocated to and fuse with the PM upon insulin stimulation. It has been shown that GLUT4 cycles continuously between the PM and its intracellular storage compartment, and that the stimulation of GLUT4 ' exocytosis ' represents a major site of insulin action [5, 6] .
Increasing evidence indicates that the low-molecular-mass GTP-binding proteins of the Rab family are involved in vesicular trafficking [7] [8] [9] . In the adipose cell, such proteins could be involved in the movement of GLUT4 vesicles. The first clues favouring this hypothesis were provided by experiments in which non-hydrolysable GTP analogues mimicked the effect of insulin in stimulating GLUT4 exocytosis [10, 11] . Thereafter it was shown that several small G-proteins are present in adipose cells [12] [13] [14] , and also in cardiac and skeletal muscles [15] [16] [17] [18] , where they might likewise be implicated in GLUT4 trafficking. Finally, it was demonstrated that certain small G-proteins are components of the GLUT4-containing vesicles in adipose cells [12, 14] and cardiac muscle [16] .
Baldini et al. [19] have isolated a cDNA coding for a Rab 3 isoform named Rab 3D. Rab 3D mRNA is predominantly expressed in white adipose tissue in mice and, coincident with GLUT4, increases upon differentiation of 3T3-L1 fibroblasts into insulin-responsive adipocytes [19] . Rab 3D displays close Abbreviations used : PM, plasma membrane ; HDM, high-density microsomes ; LDM, low-density microsomes. § To whom correspondence should be sent, at permanent address : INSERM U177, Institut biome! dical des Cordeliers, 15 rue de l'Ecole de Me! decine, 75006 Paris, France. density microsomes respectively. Rab 3D does not co-localize with GLUT4 on immuno-isolated intracellular vesicles and, unlike GLUT4, it is not redistributed in response to insulin. Thus, if Rab 3D plays a role in GLUT4 trafficking, it relies on mechanisms independent of relocation. We observed that Rab 3D is overexpressed in adipose cells of obese (fa\fa) Zucker rats, in a tissue-and isoform-specific manner. The pathophysiological significance of this defect remains elusive. This could form the molecular basis for altered adipose secretory function in obesity.
structural similarities with Rab 3A, an isoform which has been functionally implicated in regulated exocytosis in various cell types [20] [21] [22] [23] [24] [25] . These characteristics suggest Rab 3D as a good candidate to participate in the insulin-stimulated exocytosis of GLUT4. This prompted us to examine Rab 3D expression and subcellular distribution in highly insulin-responsive rat adipose cells. Our data demonstrate that Rab 3D is associated with various subcellular membrane fractions in these cells, but does not co-localize with GLUT4 on intracellular vesicles. Unlike GLUT4, Rab 3D is not redistributed in response to insulin, suggesting that its potential role in GLUT4 trafficking relies on mechanisms independent of relocation. Interestingly, Rab 3D is overexpressed in adipose cells from genetically obese Zucker rats. Although the pathophysiological significance of this defect is unknown, it could form the basis of altered secretory functions suggested to be present in adipose cells from obese rodents and humans [26] [27] [28] .
MATERIALS AND METHODS

Animals and cell preparation
Isolated adipose cells were prepared by digestion with collagenase (type 1 ; Cooper Biochemical) of epididymal fat pads from 170-200 g Sprague-Dawley rats (CD strain ; Charles River Breeding Laboratories, Boston, MA, U.S.A.), as previously described [29] . The Zucker rats used in this study were bred from pairs originally provided by the Harriet B. Bird Laboratory (Stow, MA, U.S.A.). Lean (Fa\fa) and obese (fa\fa) pups were studied at 16 and 30 days of age. Adipose cells were isolated from inguinal adipose tissue, the only fat depot to be developed in young rats. At 16 days of age, the fat pads of rats from two to four litters were pooled according to genotype. In some animals, part of the lung was dissected out.
Incubation with insulin and subcellular fractionation of adipose cells
Prior to fractionation, isolated adipose cells were incubated in the absence or presence of 7 nM insulin (a gift from Eli Lilly, Indianapolis, IN, U.S.A.) at 37 mC for 15 min in Krebs-Ringer bicarbonate Hepes medium, pH 7.4, containing 10 mM NaHCO $ , 30 mM Hepes, 200 nM adenosine and 1 % (w\v) BSA (Fraction V ; Reheis Chemical Co). The cells were then homogenized in 10 mM Tris, pH 7.4, 255 mM sucrose and 1 mM EDTA containing protease inhibitors, and fractionated by differential ultracentrifugation [30] . Three membrane fractions were recovered : PM, high-density microsomes (HDM) and lowdensity microsomes (LDM). These fractions have been characterized elsewhere [31] . Portions of the initial homogenates were subjected to ultracentrifugation at 250 000 g for 10 min to obtain a cytosolic fraction (supernatant) and total cellular membranes (pellet). This procedure was also applied to lung homogenates after centrifugation at 1000 g for 5 min to remove cellular debris. Membrane pellets were resuspended in homogenization buffer, and protein content was determined using the BCA assay (Pierce, Rockford, IL, U.S.A.).
Immunoblotting
The cytosolic and membrane proteins were subjected to SDS\ PAGE using 10 % or 14 % polyacrylamide resolving gels (Novex, San Diego, CA, U.S.A.) as indicated. The content of the gels was transferred by electroblotting on to nitrocellulose membranes (Schleicher and Schuell, Keen, NH, U.S.A.). Immunological detection of GLUT4 was carried out with a rabbit polyclonal antiserum to the C-terminal 20-amino-acid sequence of rat GLUT4 (provided by Hoffmann-La Roche, Nutley, NJ, U.S.A.). Rab 3D was assessed using a rabbit polyclonal antibody raised against the peptide ASEPPASPRDAA [32] . This sequence is located in the variable N-terminal part of mouse Rab 3D [19] . The specificity of the signal was determined by probing the filters with the antiserum after preincubation with the peptide. The antibody to Rab 4 was obtained by immunizing rabbits with the purified protein produced in Escherichia coli (a gift from Y. Le Marchand-Brustel). The antibody to Rab 8 recognizes the highly divergent C-terminus of the protein (a gift from A. Zahraoui and A. Tavitian). Immunoreactive bands were detected by "#&I-labelled Protein A, visualized by autoradiography and quantified by phosphorimaging. The apparent molecular masses of the immunodetected proteins were determined using molecular mass standards (Gibco BRL, Gaithersburg, MD, U.S.A.).
RESULTS
As shown in Figure 1 , the antiserum against Rab 3D interacts with several proteins. A strong signal, which often appears as a doublet, is detected at an apparent molecular mass of 25 kDa in membranes from COS cells transfected with the mouse Rab 3D cDNA, included as a positive control (Figure 1, lane A) , and in membranes from rat adipose cells (Figure 1, lane B) . In both cases, the lower band of the doublet is extinguished by peptide competition (Figure 1, right panel) , demonstrating that this band represents a Rab 3D-specific signal.
The subcellular localization of Rab 3D in rat adipose cells is displayed in Figure 2 . As shown in top left panel, the total crude membrane fraction was markedly enriched in Rab 3D immunoreactivity relative to the initial homogenate. In contrast, no specific signal was observed in the cytosolic fraction. In the latter, only the non-specific higher-molecular-mass band of the 25 kDa doublet was present. Among the various subcellular membrane fractions (right panel), HDM clearly exhibited the strongest signal, the intensity of which was 3-fold and 7-fold greater than in PM and LDM respectively. In addition, insulin did not modify the subcellular distribution of Rab 3D, in sharp contrast with its well known effect on the GLUT4 subcellular distribution ( Figure  2 ). Finally, we were unable to detect any Rab 3D-specific signal in GLUT4-enriched vesicles obtained from LDM by immunoprecipitation in the absence of detergent with affinity-purified anti-GLUT4 antibody (results not shown).
We next determined the levels of Rab 3D in adipose cell total membranes obtained from 16-and 30-day-old Zucker rats. As shown in Figure 3 , Rab 3D immunoreactivity was increased 2-
Figure 3 Effect of the fatty genotype on Rab 3D expression in adipose cell total membranes
Adipose cells were isolated from the inguinal adipose tissue of young lean (L) and obese (Ob) Zucker rats. In each experiment, the pads from at least four lean and two obese rats from the same litter were pooled according to genotype. The cells from 30-day-old rats were incubated in the absence (0) or presence (j) of 7 nM insulin for 15 min at 37 mC. Adipose cells were homogenized and total membrane fractions were prepared as described in the Materials and methods section. The upper panels show typical autoradiograms obtained with samples from rats from one litter at 16 days of age and from two litters at 30 days of age. Samples of 50 µg of protein were applied in each lane. The lower panels show the phosphorimager quantification of the Rab 3D signals (arbitrary units) ; results are meanspS.E.M. from six experiments. The data per cell were calculated using the following protein recoveries : at 16 days of age, 50 and 70 pg/cell in lean and obese pups respectively ; at 30 days of age, 52 and 163 pg/cell in lean and obese rats respectively [33] .
Table 1 Effect of the fatty genotype on Rab 3D concentration in the subcellular membranes of adipose cells from 30-day-old Zucker rats
Adipose cells isolated from the inguinal fat pads of four lean and two obese rats were homogenized and fractionated as described in the Materials and methods section. Data are meanspS.E.M. (n) of phosphorimager quantification of the Rab 3D signals in subcellular membrane fractions (arbitrary units). *P 0.01 compared with lean rats.
Rab 3D content (units) Fraction
Lean (Fa/fa) Obese ( fa/fa) PM 332p36 (4) 1035p84 (7)* HDM 468p70 (5) 1302p146 (7)* LDM 103p21 (5) 312p34 (7)* fold in the obese as compared with lean rats. Given the higher protein recovery per cell due to increased fat cell size [33] , it can be estimated that the total amounts of Rab 3D per cell are 3-fold and 6-fold higher in the obese than in lean rats at 16 and 30 days of age respectively. In 30-day-old rats, insulin did not modify the amounts of Rab 3D in total membranes, indicating that the protein was not redistributed to the cytosol in response to the hormone. The data in Table 1 show that the subcellular distribution of Rab 3D in young Zucker rat inguinal adipose cells was similar to that in epididymal adipose cells from adult Sprague-Dawley rats (Figure 2) , and that the ( fa) genotypeassociated increase in Rab 3D was uniformly distributed among the subcellular membrane fractions tested.
To investigate whether the overexpression of Rab 3D is tissuespecific, we looked for Rab 3D in insulin-responsive brown adipose tissue and skeletal muscle. However, PM and intracellular membranes prepared from isolated brown adipose cells or soleus muscles from adult Sprague-Dawley rats did not show any significant signal for Rab 3D (results not shown). Thus these membranes were not tested further in the Zucker rats. In contrast, Rab 3D was readily detected in lung crude membrane fractions, in good agreement with previous analysis in mice showing substantial levels of Rab 3D mRNA in this tissue [19] . In contrast with adipose cell membranes, lung membranes exhibited the same amount of Rab 3D immunoreactivity in lean and obese rats (results not shown).
To assess the isoform specificity of the fatty genotype effect, adipose cell membranes from lean and obese rats were probed for Rab 4 and Rab 8 ( Figure 4) . As described previously in adult Wistar rats [14] , Rab 4 was detected in HDM and LDM, but not in PM, while Rab 8 was predominant in PM and HDM, and barely detectable in LDM. In addition, incubation of the cells from rats of both genotypes with insulin decreased Rab 4 in LDM but did not alter Rab 8 levels in PM. Finally, Rab 4 immunoreactivity in HDM and LDM was increased markedly in adipose cells from the fatty rats. In contrast, the intensity of the Rab 8-specific signal was similar in the membranes of adipose cells from lean and obese rats, demonstrating that the effect of the ( fa) genotype is limited to certain Rab isoforms.
DISCUSSION
A protein recognized by an antibody raised against an Nterminal peptide of mouse Rab 3D is expressed in rat adipose cells. Along with the low species variability of other Rab 3 isotypes [19] , this suggests that rat and mouse Rab 3D proteins are highly similar. Rab 3D is associated with cellular membranes, in good agreement with a similar distribution in 3T3-L1 adipose cells [32] . Recently, the presence of Rab 3D was demonstrated in the neuroendocrine cell line AtT 20 [34] and in gastric chief cells [35] . In both cases, as in adipose cells, Rab 3D immunoreactivity was associated only with the cellular membranes, with no signal being detected in the cytosol.
In addition to Rab 3D, several Rab proteins are expressed in rat adipose cells, including other Rab 3 isoforms, Rab 4, Rab 5 and Rab 8 [14, 32, 36] . Each isoform exhibits a unique distribution within the various cellular compartments ( [14, 19, 36] ; the present study). This extends to adipose cells the observation that Rab proteins are specifically localized to different organelles [7] . So far, only Rab 4 is known to co-localize with GLUT4 in immunoisolated vesicles ( [14, 36] ; the present study).
Our data demonstrate that insulin-stimulated GLUT4 exocytosis occurs independently of a change in the subcellular localization of Rab 3D. However, because stimulation was performed under steady-state conditions, this does not rule out the possibility that transient changes in Rab 3D distribution occur at early stages of insulin action. In gastric chief cells, it was recently shown that Rab 3D is relocated from zymogen granules to a diffuse vesicular compartment on acute stimulation of exocytosis by feeding [35] . Whether mechanisms not relying on relocation are involved in Rab 3D function in adipose cells remains to be determined. One possibility is that Rab 3D could be phosphorylated in response to insulin, as suggested for Rab 4 [37] . In contrast to Rab 3D, both Rab 4 and Rab 5 move out of the LDM when the cells are incubated with insulin [14, 36, 38] . The close correlation between GLUT4 and Rab 4 movements under various experimental conditions supports a role for Rab 4 in GLUT4 trafficking [14, 38] . In contrast, Rab 5 movements do not always parallel those of GLUT4 [36] . The direct demonstration of a role for these proteins awaits functional studies assessing the effects of forced expression of normal or mutant Rab proteins on insulin-stimulated GLUT4 translocation in adipose cells. A recent study demonstrated that a synthetic peptide corresponding to the C-terminal hypervariable domain of Rab 4 inhibits the effect of insulin on GLUT4 translocation to the PM in rat adipose cells, presumably by competing with the endogenous Rab 4 [39] . In contrast, a Rab 3D peptide has little effect. These data are in favour of a role for Rab 4, and not for Rab 3D, in insulin-stimulated GLUT4 exocytosis.
A main finding of the present study is that Rab 3D and Rab 4 are up-regulated in the adipose cells of obese fa\fa rats. To our knowledge, this represents the first demonstration that the expression of Rab proteins is regulated in a pathophysiological situation. The factors involved in the long-term control of Rab protein expression remain to be determined. Our observations suggest that insulin might not be a primary determinant for Rab 3D, since overexpression is present in 16-day-old pups, i.e. before the emergence of the frank hyperinsulinaemia which develops at weaning in the obese Zucker rat [40] . The molecular mechanisms involved in the fa-genotype-associated overexpression of Rab 3D remain to be determined. Given that the fa mutation is thought to inactivate leptin receptors [41] [42] [43] and that such receptors are present in adipose cells [44] , it is possible that the Rab 3D gene is negatively regulated by a direct effect of leptin through an as yet unknown leptin receptor signalling pathway. However, our observation that the effect of the mutation is not apparent in lung tissue despite the presence of leptin receptors [45] does not support this hypothesis. A better understanding of leptin signalling, which might be tissue-specific, is likely to provide further clues with regard to the pathophysiological regulation of Rab 3D gene expression. Finally, the coincidental overexpression of Rab 3D and Rab 4 in the adipose cells of fatty rats raises the possibility that both genes respond to the same signalling pathway.
The actual biological roles of the various Rab proteins expressed in adipose cells remain elusive. Our data show that certain Rab proteins are specifically overexpressed in adipose cells from obese rats. This argues for a role for these Rab forms in obesity-related defects. It is now well recognized that the adipose cell carries out secretory functions which might be altered in obesity. Indeed, the adipose cell secretion of several proteins, including tumour necrosis factor α [26] , leptin [27] and angiotensinogen [28] , might be increased, as suggested by the observation of high blood levels of these proteins in obese rodents and humans. The overexpression of specific Rab proteins could provide the basis for these defects. The adipose cells of young obese Zucker rats would be an interesting model in which to test this hypothesis.
